Background: A low level of response (i.e., a low LR) to alcohol is a genetically influenced phenotype that predicts later alcoholism. While the low LR reflects, at least in part, a low brain response to alcohol, the physiological underpinnings of the low LR have only recently been addressed.
T HE RISK OF heavy drinking and alcohol use disorders (AUDs) reflects both genes and environment (Goldman et al., 2005; Schuckit, 2009) . Each of these domains of influence is heterogeneous, with the genes reflecting at least 4 separate families of risk factors. These include gene variations related to: alcohol-metabolizing enzymes, impulsivity and disinhibition, several additional psychiatric disorders (e.g., schizophrenia and bipolar disorder), and a person's type of response to alcohol (Schuckit, 2009) . Additional heterogeneity is observed within each of these families of genetic contributors. Using the level of response (LR) to alcohol as an example, some variance may relate to a person's susceptibility to alcohol's stress dampening effects and some to possible exaggerated responses to alcohol administered rapidly and ⁄ or intravenously (Newlin and Renton, 2010) . In addition, some results reflect a low LR that is primarily observed at peak and falling blood alcohol concentrations (BACs) (Schuckit and Gold, 1988) .
Perhaps the most thoroughly studied of the LR-related phenomena is the low LR to alcohol that can be documented either through less intense reaction at a given BAC or a retrospective report of the need for a larger number of drinks for a range of effects. Each of these measures indicates that low LR values are more often seen in the individuals at higher risk of AUDs (e.g., family histories of alcoholism or members of ethnic groups with higher rates of problematic drinking) (Chiu et al., 2004; Ehlers et al., 1998; Luczak et al., 2002) , and are seen in individuals with recent heavy drinking and ⁄ or alcohol problems (Chung and Martin, 2009; Daeppen et al., 2000; Kerr et al., 2006) . Perhaps most importantly, a lower LR at 1 point earlier in life predicts heavier drinking and more alcohol problems in the future, even after controlling for the original use and problem patterns (e.g., Chung and Martin, 2009; Heath et al., 1999; Schuckit et al., 2007 Schuckit et al., , 2008 Schuckit et al., , 2009a Volavka et al., 1996) . Both alcohol challenge-based and retrospective questionnaire-based measures of LR have heritabilities of 40 to 60% (Heath et al., 1999; Schuckit et al., 2001; Viken et al., 2003) .
There is evidence that the low LR phenotype appears to operate relatively independently of other genetically influenced risk factors (e.g., alcohol metabolizing enzymes and impulsivity ⁄ externalizing conditions) (Schuckit, 2009; Schuckit et al., 2000; Viken et al., 2003) . This low LR characteristic also appears to reflect, at least in part, biological differences in brain response to ethanol. Support for this conclusion comes from results of alcohol challenges where, despite matching LR groups on recent drinking histories (i.e., differences in acquired tolerance across groups was unlikely) and evaluating them at identical BACs, those with a low LR demonstrated less alcohol-related increases in the anterior pituitary hormone, prolactin, less alcohol-related increases in adrenocorticotropin hormone (ACTH), as well as the subsequent diminished increase in cortisol after drinking (King et al., 2006; Schuckit and Gold, 1988; Schuckit et al., 1987a Schuckit et al., ,b, 1988b . LR group central nervous system (CNS) differences after alcohol were also supported by electrophysiological measures where, despite similar BACs, those with a low LR evidenced less alcohol-related changes in background cortical electroencephalogram (EEG) measures in the alpha power range and more evanescent prolongations of the latency of the P300 wave in event-related potentials (Ehlers et al., 2004; Gabrielli et al., 1991; Schuckit et al., 1988a; Volavka et al., 1996) . Also, regarding differences in brain responses to alcohol across low and high LR groups, several variations in genes active in the brain have been reported to potentially relate to the low LR phenotype, including polymorphisms for the serotonin transporter, potassium channels, gamma-aminobutyric-acid receptor subunits, nicotinic receptors, and glutamate-related systems (Joslyn et al., 2008 (Joslyn et al., , 2010 Schuckit, 2009) .
Additional efforts to understand processes related to a low LR have used brain imaging. One study focused on arterial spin labeling (ASL) to compare alcohol-related changes in cerebral blood flow (CBF) between low and high LR groups matched on demography and substance use patterns (Tolentino et al., 2011) . Here, while the 2 LR groups were similar on CBF after placebo and each demonstrated the expected increase in CBF following alcohol, at identical BACs, the low LR group evidenced significantly less increase in CBF with alcohol, especially in frontal regions. Related studies have used blood oxygen level-dependent (BOLD) functional magnetic resonance imaging (fMRI) to examine differences in response contrast between low and high LR subjects during performance of a visual working memory paradigm (Paulus et al., 2006; Tapert et al., 2004; Trim et al., 2010) . These studies have consistently revealed that while the low and high LR groups showed similar behavioral task performance, the low LR relative to the high LR group demonstrated higher BOLD response contrasts during placebo or no substance challenge sessions. When imaging sessions were carried out following an alcohol challenge, the alcohol either greatly diminished the LR group differences that had been seen after placebo or reversed the direction of the LR-based imaging results, with relatively less activation following alcohol for the low LR and relatively more activation following alcohol for the high LR group (Paulus et al., 2006; Trim et al., 2010) . These fMRI results were most prominent in frontal, parietal, and cingulate regions, but it is important to note that regional distributions of these LR-related findings were likely influenced by the cognitive demands of the visual working memory task.
It is of interest to determine whether similar LR group differences in BOLD response are observed with other cognitive tasks. Several recent fMRI studies have shown that alcohol affects functional brain activation during performance of tasks, such as the stop signal paradigm, that require inhibitory control and that active alcoholics in treatment demonstrated altered functional brain responses in the prefrontal cortex, amygdala, insula, and putamen during performance of a stop signal task (SST) (Anderson et al., 2011; Li et al., 2009 ). However, regarding the latter, documenting differences between alcoholics and controls does not clarify whether similar findings would be observed prior to the onset of AUDs and in individuals with relatively higher levels of life functioning. To address this issue, we administered an SST to young nonalcoholic subjects with low and high LR in the fMRI environment (Li et al., 2009) . While the low LR subjects have not shown abnormal levels of impulsivity or disinhibition, it is worthwhile to see whether the LR groups differ in their BOLD response related to: (i) error processing (i.e., errors relative to correct trials) and (ii) inhibitory processing (i.e., correct hardrelative-to-easy trials). This paper describes fMRI results from a large group of individuals who have had experience with alcohol but are not yet alcohol dependent and who have been carefully characterized regarding their LR to alcohol.
MATERIALS AND METHODS

Participants and Initial Evaluations
Following approval from the University of California, San Diego (UCSD) Human Research Protections Program committee regarding the entire protocol, 18-to 25-year-old subjects were identified from respondents to a structured questionnaire mailed to random students at UCSD. The items included a brief medical history and questions regarding the use of alcohol ⁄ tobacco ⁄ illicit substances and related problems, using items extracted from the validated Semi-Structured Assessment for the Genetics of Alcoholism (SSAGA) (Hesselbrock et al., 1999) . These data identified individuals who had experience with alcohol, but who never met criteria for dependence on alcohol or illicit substances using criteria from the 2 most recent versions of the Diagnostic and Statistical Manual of Mental Disorders (DSM) (American Psychiatric Association, 1987 . To aid in a preliminary screen to identify subjects with higher and lower LRs, the mailing also included the retrospective Self-Report of the Effects of Alcohol (SRE) questionnaires, an instrument for measuring LR that has a Cronbach alpha >0.90 and a 1-year retest reliability of 0.8, as well as a well-established relationship between SRE scores and future heavy drinking and alcohol-related problems (Ray et al., 2007; Schuckit et al., 2009a,b) . The SRE asks subjects to report the number of standard drinks (10 to 12 g ethanol) required to produce up to 4 effects during the approximate first 5 times of drinking, including the initial feelings of intoxication, the number of drinks required to slur speech, the drinks needed for unsteady or stumbling gait, and the amount of alcohol needed to produce an unwanted falling asleepwith individuals instructed to only report those effects they actually experienced. The SRE score in units of standard drinks for the first 5 times of drinking is established by summing the numbers of drinks reported and dividing that sum by the number of effects experienced with mean scores for that value that ranged from 1 to >10 drinks.
Potential subjects were excluded if they had a history of medical problems or were taking medications likely to affect their LR or present a potential danger during drinking, if they ever had dependence on alcohol or illicit drugs, if they were pregnant, and if they reported any contraindications to the fMRI evaluation (left-handedness, irremovable metal, or claustrophobia). Subjects with a probable low LR per drink (as indicated by the need for a greater number of drinks to experience effects-e.g., a mean SRE score ‡4.0 drinks needed for effects) were selected as possible low LR subjects, and each was matched to a potential high LR individual (e.g., £3.0 drinks on the first 5 SRE) on items that might affect the LR, including gender, age, as well as the recent 6-month intake pattern of alcohol, nicotine, and illicit drugs.
Matched subjects provisionally determined on the SRE to have higher and lower LRs were then invited individually to the laboratory where they participated in a full face-to-face SSAGA interview to corroborate the preliminary history. If no exclusionary issues were identified, they were scheduled for an alcohol challenge session to definitively establish their LR status (Eng et al., 2005; Schuckit and Gold, 1988) . During the challenge, subjects were first determined to have a zero breath alcohol concentration (BrAC) using the AlcoSensor IV (Intoximeters, Inc., St. Louis, MO), after which they were given 10 minutes to consume an alcoholic beverage (0.75 ml ⁄ kg for men and 0.70 for women to produce approximately equivalent blood alcohol levels) (Breslin et al., 1997) . The beverage was mixed as a 20% by volume solution with carbonated, noncaffeinated soda and consumed through a straw extending from a thermos that obscured the actual beverage offered (Mendelson et al., 1984) . BrAC and a measure of the subjective LR to alcohol using the Subjective High Assessment Scale (SHAS) were determined at baseline and at 15 minutes, 30 minutes, and every subsequent half-hour over the >3 hours of the challenge. The SHAS is composed of 13 items regarding potential effects of alcohol, each of which is gauged at each time point using a 39-point scale (e.g., Eng et al., 2005) . Approximately threefourths of the subjects determined on the SRE as likely to have high and low LRs were corroborated on alcohol challenges to be in the upper and lower thirds for LR after alcohol challenges and were invited to participate in 2 fMRI sessions. If either member of an original provisional pair was no longer in the appropriate upper and lower thirds of the LR range, an alternate subject from the relevant LR group was selected and evaluated as described above.
fMRI Sessions
Challenges using the same dose of alcohol and placebo (with the identical straw and container system but placebo had only 1.0 ml of ethanol suspended in the straw) were then conducted in random order just prior to an event-related fMRI session (the same order of beverages was given to members of each LR pair). Because a breathalyzer device could not be used in the scan room, subjects had an intravenous cannula placed in an antecubital vein in the nondominant arm so that BAC levels could be obtained during the scan session, using an analysis kit from Roche Pharmaceuticals (Indianapolis, IN) that incorporated a photometric enzymatic approach. After the low and high LR individuals consumed the beverage (placebo or alcohol), they were placed into the scanner at the time of rising BACs, 22 minutes after the start of the beverage administration, with subsequent BACs, SHAS evaluations (reported verbally during the scan session), and performance of an SST determined during imaging. In all alcohol sessions, subjects were not allowed to leave the laboratory until their BAC was <0.01 g ⁄ dl, and they were escorted home by a friend, a member of the staff, or by taxi.
Scans were carried out with a 3 Tesla CXK4 scanner from General Electric (Milwaukee, WI) incorporating an 8-channel head array coil. A sagittal high-resolution spoiled gradient-recalled anatomical sequence was acquired at the beginning of each session (25 cm field of view; 256 · 256 matrix; 172 1.0-mm thick slices; with 4.8-ms echo time, and 8-ms repetition time). The SST was administered approximately 40 minutes after entering the scanner (approximately 60 minutes since beginning alcohol administration). While performing the SST, T2 * -weighted echo planar imaging was carried out using 32-ms echo time, 90°flip angle, 3.43 · 3.43 · 2.6 mm voxels with a 1.4-mm gap, 30 whole-brain axial slices, repetition time of 2,000 ms, and 256 repetitions. During the protocol, any possible LR group differences in alcohol-related changes in CBF were determined using ASL following the method described Liu and Wong (2005) involving a flowsensitive alternating inversion recovery sequence. As described in more detail in a recent paper (Tolentino et al., 2011) , perfusion was determined using a single-subtraction saturation pulse (22 cm field of view, a 64 · 64 matrix, echo time = 3.2 ms, 2,500-ms repetition time, inversion time = 600 ms, with an inversion time 2 of 1,600 ms) (Wong et al., 1998) .
The SST used here was based on the approach of colleagues (2005, 2009) in which subjects viewed an ''X'' or an ''O'' as ''go'' stimuli projected on a small computer screen with black background while in the scanner. Participants were instructed to press the left computer mouse button whenever they saw an ''X,'' to press the right button when they saw an ''O,'' and to inhibit pressing either mouse button when they heard a tone (the ''stop'' stimulus). In 25% of the trials, the go signal was followed by an auditory tone (i.e., the stop signal). Stop trials were pseudo-randomized throughout the task to avoid order bias. Each trial lasted approximately 1,300 ms or until the subject issued a response, with a 200-ms interstimulus interval.
Prior to scanning, subjects performed an abbreviated SST outside the scanner. As reported in prior papers (Matthews et al., 2005 (Matthews et al., , 2009 , the timing of the subsequent scanner trials was then based on each individual's previously determined personal mean reaction time (MRT), which was calculated from successfully inhibited nonstop trials from the prescan session. During one 8.5-minute portion during the fMRI protocol, at about the time of peak BAC, each subject was given both individualized hard to inhibit stop signals (where the tone was delivered at or close to the person's own MRT-i.e., MRT, 100 ms less than MRT, or 200 ms less than MRT) and individualized easy trials (where the tone was delivered at 300 ms less than MRT, up to 400 ms less, or up to 500 ms less than MRT). While the reaction time was established for each individual, all subjects received the same number of hard and easy trials. Subjects performed 288 total trials, including 72 stop trials that were pseudo-randomized through the task and counterbalanced. Six blocks were performed, each containing 48 trials (12 stop and 36 nonstop) with task instructions presented for 12 seconds between blocks. The 2 major scores for this task include the percentage of correct responses during hard to inhibit and easy to inhibit conditions (reflecting an individual's ability to successfully inhibit during the 2 types of trials), as well as the MRT during the sessions overall.
Data Processing and Analyses
The focus of the analyses was on whole-brain BOLD contrasts related to 2 performance measures: errors (i.e., unsuccessfully inhibited) relative to correct trials and performance during harder versus easier to inhibit trials. In these contrasts, all functional image processing incorporated Analysis of Functional NeuroImages software (AFNI, http://afni.nimh.nih.gov; Cox, 1996) . The effects of head motion were corrected through co-registering each repetition to the maximally stable base image using a 6-parameter algorithm (3dvolreg). Analysis of time series data utilized multiple regression (3dDeconvolve) controlling for baseline signal, linear drift, and motion corrections applied in 3 rotational orientations. Task regressors were multiplied, or convolved, with a modified gamma variate function (Boynton et al., 1996) that modeled anticipated hemodynamic response. Data were resampled to 4 · 4 · 4 mm voxels, a Gaussian filter (FWHM 4 mm) was used to account for anatomical variations for individuals, and the data for each subject were transformed to standard space (Talairach and Tournoux, 1988) . Where needed, the percentage signal change was generated through dividing signal in during the task by the baseline signal in each voxel.
In these whole-brain analyses, for regions demonstrating significant LR group differences on the key measures, group by condition interaction effects were determined through follow-up 3dANOVA3s carried out in AFNI, which used thresholds that considered the intensity of the statistical effect of each voxel, as well as the number of contiguous voxels with the same effect. Monte Carlo simulations were used to guard against Type I error, as employed within AFNI using AlphaSim to determine the number of contiguous voxels each with an effect of p < 0.01, yielding an overall volume-wise <5% probability of a false-positive finding. For regions with significant contrast, the average percentage signal change was evaluated for each participant from each condition using analysis of covariance to control for the effects of any background characteristic that might have been significantly between LR groups. Confirmation of labels for brain activation used Talairach Daemon software (Lancaster et al., 2000) . CBF for any brain regions with significant BOLD response effects was determined using the method of Liu and Wong (2005) , as described above.
RESULTS
The 98 subjects evaluated here were composed of 49 matched pairs of low and high responders to alcohol. As shown in Table 1 , the groups had an average age of about 20 years, 53% were women, and most were in their second year of college. None met criteria for alcohol or drug dependence, and all had tried alcohol. Low LR and high LR groups were similar on demography, the past 6 month tobacco and cannabis use, and on lifetime conduct-related problems as reported on the SSAGA interview. As shown in Table 1 and Fig. 1 , the BACs at 60 minutes during the alcohol challenge session were identical between the 2 groups, and the patterns of rising, peak, and falling BACs over the 220 minutes of the test session were very similar. Consistent with the hypothesis that a low LR to alcohol contributes to the quantity of alcohol intake, the low responders consumed more drinks per occasion, although they did not drink more frequently than the high responders. Reflecting these data, the major analyses reported below control for differences in the usual drinking quantity. Table 2 presents the comparison of low and high responders on the 2 key performance measures of the SST during placebo and alcohol conditions. The groups did not differ in MRT, or percentage of stop signal trials with successfully inhibited responses. A mixed design ANOVA for reaction time indicated no LR effect (F = 0.08, p = 0.78) nor an LR by condition (F = 0.08, p = 0.37) interaction. A similar analysis for correctly inhibited responses revealed no LR group effect (F = 0.00, p = 0.99) and no LR group by placebo ⁄ alcohol condition interaction (F = 0.01, p = 0.93). Thus, the imaging data can be contrasted between low LR and high LR subjects without concern for group differences in task performance. Tables 3 and 4 and Figs. 2-5 present data regarding clusters from whole-brain analyses showing significant LR group main effects or group by condition interaction (alcohol ⁄ placebo) effects on task-related functional brain activity. Beginning with Table 3 , the columns indicate first the brain regions showing a group by condition effect for error trials relative to correct response trials and then the corresponding cluster volume, Talairach coordinates, and percentage signal change in BOLD response for errors relative to correct trials for each group during each condition. In general, the low LR group demonstrated less error-related contrast after consuming a moderate dose of alcohol as compared with placebo, with the trend for the high LR group in the opposite direction (relatively more error-related contrast with alcohol than placebo). While the statistical analyses revealed no significant LR group differences overall, there were consistent LR group by alcohol ⁄ placebo condition interactions for all 5 regions (see Fig. 4 ). Table 4 describes results for the 6 clusters showing significant group effects or group by condition interactions on BOLD response for hard to inhibit (i.e., where the stop signal was delivered at or near the subjects' MRT in the paradigm) versus the easier inhibition trials (i.e., where the stop signal was delivered earlier in time relative to the subjects' MRT). In 4 of the 6 regions, there were significant BOLD response differences in inhibition-related functional activity between low and high LR groups (see Fig. 5 ). In 2 left anterior regions (left superior frontal gyrus and left anterior cingulate cortex), low LR relative to high LR groups showed greater BOLD response contrast for both placebo and alcohol conditions. In 2 visual cortex regions (left lingual gyrus and right cuneus), low LR subjects showed less BOLD response contrast than high LR subjects. In 2 posterior temporal regions (left angular gyrus and right fusiform gyrus), interactive effects similar to those in Table 3 and Fig. 4 were observed; in each, the low LR group showed decreasing BOLD response contrast to hard versus easier to inhibit trials after alcohol as compared with placebo, while the high LR group showed increasing activation after alcohol.
The next step in the analyses was carried out in recognition of the differences in usual drinks per occasion over the prior 6 months as reported for low and high LR groups in Table 1 , as well as the LR group differences in alcohol-related increases in CBF reported in a prior publication (Tolentino et al., 2011) . Reflecting these data, the statistical analyses reported for Tables 3 and 4 were repeated after covarying for CBF and the usual drinks per occasion. Results indicated all significant effects shared in Tables 3 and 4 remained significant after controlling for usual drinks per occasion and after controlling for CBF.
In summary, Tables 3 and 4 identified 7 clusters with LR group by alcohol ⁄ placebo condition interactions. In each, the low LR group showed decreasing BOLD response contrast from placebo to alcohol sessions, while the high LR group demonstrated the opposite (increasing BOLD response contrast from placebo to alcohol conditions). These results were seen for both the errors relative to correct responses and the hard relative to easy inhibition trials. LR group differences were observed in 4 clusters but only for hard relative to easy inhibition trials, with low LR participants showing more activation in frontal regions and less response in visual cortex across conditions as compared with high LR subjects.
DISCUSSION
These results support 3 major conclusions. First, consistent with the documentation of physiologic differences across LR groups in prior evaluations (e.g., Schuckit et al., 1987a Schuckit et al., ,b, 1988a Tolentino et al., 2011) , subjects with low relative to high LR values showed altered functional brain responses during error and inhibition processing. Second, also consistent with prior studies (Paulus et al., 2006; Tapert et al., 2004; Tolentino et al., 2011; Trim et al., 2010) , low and high LR subjects were different during both placebo and alcohol sessions. Third, there were significant interactions between LR status and alcohol versus placebo conditions, with low LR individuals typically showing more activity to erroneous or difficult trials under placebo conditions than matched high LR individuals, but less activity after a moderate dose of alcohol. These results were observed at identical BACs for the 2 LR groups, and after careful matching on demography, smoking, and illicit substance use patterns, as well as most aspects of drinking histories. It is important to note that our findings are among the first reports indicating that a phenotype relatively closely associated with the future risk of a major psychiatric disorder (alcoholism) can be identified using fMRI. At the time of study, the subjects had no major psychiatric disorders and, while they had experience with alcohol, did not meet the criteria for alcohol dependence. Using our SST, the low and high LR groups did not exhibit behavioral differences (e.g., more errors), suggesting that the observed group fMRI differences were not confounded by behavioral differences between groups. In fact, prior studies have not demonstrated a significant relationship between LR and impulsivity or disinhibition (Schuckit and Smith, 2006; Schuckit et al., 2000) . In the current SST and similar to prior studies using a visual working memory task (Tapert et al., 2004; Trim et al., 2010) , the high and low LR groups differed on measures of brain activity, but not on task performance. The only 2 dependent variables available for the major cognitive measures evaluated in the current paradigm involved commission of stop signal errors and reaction time, and therefore, our findings should not be interpreted to indicate that the LR groups were behaviorally different. The similarities in performance facilitate a direct comparison between groups on BOLD response contrast between task conditions. The LR group differences were not likely to reflect acquired or intersession tolerance for several reasons. The relevant analyses covaried for recent drinking quantities, and the rates of disappearance of alcohol in Fig. 1 were very similar across the 2 LR groups, indicating no evidence of group differences on pharmacokinetic tolerance. Past studies have documented a correlation between a low LR and heavier drinking in 12-year-olds who have only consumed alcohol on few occasions, with an average intake of 3 drinks per instance, and the low LR predicted heavy drinking outcomes in individuals who were very light drinkers when first evaluated and unlikely to have developed tolerance. Earlier studies have demonstrated that the low LR and tolerance perform independently in predicting future drinking, and the relationships of a low LR to future heavier drinking and alcohol problems have remained robust even after controlling for prior drinking patterns at the time LR was measured (Schuckit et al., 2007 .
For the 5 regions that were differentially affected during error versus correct trials for the low and high LR groups (i.e., in Figs. 2 and 4) , subjects with low LR demonstrated relatively less BOLD response contrast (i.e., less difference between error and correct trials), whereas those with high LR showed higher error-related BOLD response contrast values (i.e., relative more error response) after alcohol compared with placebo. A similar pattern of BOLD response contrast was observed in 2 of the 6 areas showing a significant LR group by alcohol ⁄ placebo interaction for hard versus easy inhibition conditions. Taken together, these findings underscore the existence of biological correlates of the low LR and suggest consistent and potentially important differences in functional brain activity between low and high LR groups after both placebo and alcohol. The results of this and prior studies indicate that some LR group differences reliably exist with no challenge (e.g., Tapert et al., 2004) and with placebo (Paulus et al., 2006; Trim et al., 2010; and this paper) . This occurs despite no impaired performance on the cognitive task. The data also document that LR groups differ after alcohol and that the directions of change between placebo and alcohol are opposite for low and high LR groups. We speculate below that the results may help explain why low LR subjects perceive less difference from placebo to alcohol (i.e., feel less alcohol effect). This is interesting and also potentially important.
However, the underlying brain mechanisms central to the LR phenomenon are likely to be complex and heterogeneous. The mechanisms might relate to the wide range of genetic polymorphisms that have been highlighted in our prior research, as these could impact on CNS functioning in subtle ways. Or, perhaps, some additional phenomena that have not yet been identified might contribute to both the low LR and CNS differences between LR groups during cognitive tasks. The current results underscore that the differences between LR groups are real and deserve further study.
It is important to note that, in the whole-brain analyses reported here, most of the areas that were differentially activated or deactivated across LR groups were in more posterior brain regions known to be relevant to visual and auditory perception. For example, the fusiform gyrus has been found to activate in concert with increasing local detail in visual stimuli, while lingual gyrus activation has been found to increase with added global visual processing complexity demands (Mechelli et al., 2000) . Under placebo conditions, the low LR group appeared to rely more on this local visual processing center to approach the hard trials, while the high LR group relied more on the global-oriented area. After a moderate dose of alcohol, both groups remained similar in use of global processing resources, but local processingrelated activation increased only for high LR individuals. The general absence of significant LR group differences in more frontal regions often associated with inhibition tasks is consistent with both the similar performance for low and high LR subjects and the selection of a nonclinical sample of students not likely to show high levels of impulsivity.
The results may indicate that in the brains of high LR subjects, recognition of the level of performance on a task was relatively clear following placebo, but less clear after alcohol. The direction of the difference from placebo to alcohol might contribute to a relatively distinct appraisal of the effects of intoxication. In contrast, at the fixed and modest dose of alcohol used in this experiment, those with a low LR may have felt less affected by the drink and more clearly perceived how they were performing after alcohol compared with placebo. To those with low LR, despite BACs and drinking patterns similar to those of their high LR controls, the alcohol may not have been interpreted as associated with impairment or the appraisal of being in a perturbed state of functioning. This appraisal among those with a low LR of less effort (and possibly less stress) associated with performing a task after drinking might also have contributed to prior findings of less alcohol-related increases in stress hormones of CNS origin such as ACTH (Schuckit et al., 1987a (Schuckit et al., , 1988b . The appraisal of an ability to more accurately recognize errors in performance after drinking might also relate to less change in the alcohol-related alterations in background cortical EEG power in the alpha range often associated with feelings of relaxation (Ehlers et al., 2004) and less effect on event-related potential P3 latency when asked to recognize a rare but difficult to identify stimulus (Schuckit et al., 1988a) for low LR subjects. Fig. 4 . Graphs with standard error bars for each significant group by condition interaction in blood oxygen level-dependent signal contrast for erroneous relative to correct response trials (p < 0.05, clusters ‡ 1,344 ll). Significant differences across high and low level of response (LR) groups with placebo and with alcohol conditions are indicated with a bracket under the bars. Significant differences within each LR group across alcohol and placebo conditions are noted in each graph's legend (a: p < 0.05, b: p < 0.01).
In addition to the interaction effects discussed above, 4 main effects of the LR group were observed for hard-toinhibit relative to easy-to-inhibit trials on the SST. Consistent with prior findings that low LR subjects utilized more neural resources to complete a task under placebo conditions, here we saw low LR subjects showing more BOLD response contrast than high LR subjects in the superior frontal gyrus and anterior cingulate; yet, this elevated activity persisted after the moderate alcohol dose. In contrast, low LR subjects showed less visual cortex activation (Brodmann areas 18 and 19, left and right) during placebo and alcohol conditions, for the difficult inhibition trials. This may suggest a tendency for the low LR individuals to rely more on frontal circuitry and less on visual system input when responding to particularly challenging inhibitory demands, and this frontal hyperactive ⁄ visual hypoactive difference persisted despite the moderate does of alcohol.
An additional comment is required regarding the absence of a significant alcohol-related change in behavioral performance on the SST. It is important to note that the dose of Fig. 5 . Graphs with standard error bars for each significant group main effect or group by condition interaction effect in blood oxygen level-dependent response contrast for hard relative to easy inhibition trials (p < 0.05, clusters ‡ 1,344 ll). Significant differences across high and low level of response (LR) groups with placebo and with alcohol conditions are indicated with a bracket under the bars. Significant differences within each LR group across alcohol and placebo conditions are noted in each graph's legend (a: p < 0.05, b: p < 0.01).
alcohol used in this experiment was modest, and a bit lower than those incorporated in some prior work in the literature that reported a main effect for alcohol (e.g., Fillmore and Vogel-Sprott, 1999) . The use of an fMRI protocol required that we select an alcohol load not likely to produce the nausea and vomiting that might be seen after much higher doses, as those would have had adverse effects on both subjects and fMRI equipment. We also chose a dose similar to the alcohol challenges incorporated in our prior work. Nonetheless, several prior studies reported relatively little general effect of alcohol on the overall performance measures reported here (Fillmore and Blackburn, 2002; Weafer and Fillmore, 2008) , and significant BOLD contrast differences between the LR groups were documented in the current study.
A note regarding the selection of the SST is also warranted. One advantage of this paradigm is that hard and easy trials were individualized based on each subject's MRT. This cognitive challenge was chosen in light of the relatively extensive work with the SST that had been carried out in prior fMRI paradigms (e.g., Anderson et al., 2011; Li et al., 2009; Matthews et al., 2009 ). These included significant differences between alcoholics and controls, as well as fMRI studies of impulsivity and disinhibition, factors generally associated with an increased risk of a wide range of substance use disorders. The current subjects, however, were not alcohol dependent, the low and high LR groups were similar on the number of conduct problems, and prior work with similar LR groups has not supported impressive elevations in externalizing characteristics for subjects selected using inclusion and exclusion criteria similar to the current study (Schuckit and Smith, 2006) . In addition, most evaluations of individuals with a low LR to alcohol have found little evidence of a significant connection between the low LR and elevated scores for externalizing measures (e.g., Schuckit et al., 2000) . Thus, in the current sample, it is unlikely that LR group differences reflected externalizing characteristics, a finding underscored by the visual working memory task data and the CBF data, characteristics not likely to relate to externalizing conditions (Tolentino et al., 2011; Trim et al., 2010) .
The current study and results must be viewed from the standpoint of the methods used. The analyses focused on a large group of individuals and required 196 fMRI sessions (alcohol and placebo evaluations for 49 high LR ⁄ low LR pairs), along with 98 alcohol challenge sessions prior to the fMRI analyses (to corroborate the preliminary LR group assignment) and 98 sessions for carrying out with the validated SSAGA interview to establish baseline functioning. The results remained robust after controlling for the modest differences in the usual quantity of drinking and for any possible differences between LR groups on changes in CBF. However, the population studied here was Caucasian or white Hispanic and relatively highly educated. Therefore, the generalizability of these results to other ethnic groups and those from different socioeconomic strata will need to be determined. Also, each subject performed only 1 run on the task which may have affected statistical power for some measures (e.g., errors). This may have contributed to the relatively small effect size of some of the findings. However, in prior studies using the same paradigm (Matthews et al., 2005 (Matthews et al., , 2009 , there was sufficient power for detecting significant task and group effects. Finally, as indicated earlier in this discussion, while it is not likely that acquired tolerance explains our results, this possibility cannot be definitely discarded.
